We constructed a chimeric human T-cell lymphotropic virus type 1 (HTLV-1) provirus in which the original envelope precursor sequence was replaced by that of ecotropic Moloney murine leukemia virus (Mo-MuLV). Chimeric particles produced by transient transfection of this chimeric provirus were infectious for murine cells, such as NIH 3T3 fibroblasts, lymphoid EL4 cells, and primary CD4 ؉ T lymphocytes, whereas HTLV-1 particles were not. The infectivity of chimeric particles increased 10 times when the R peptide located at the carboxy terminus of the MuLV envelope glycoprotein was deleted. Primary murine CD4
Human T-cell lymphotropic virus type 1 (HTLV-1) is the agent of adult T-cell leukemia (ATL) (37) and HTLV-1-associated myelopathy or tropical spastic paraparesis (HAM/TSP) (10) . A range of chronic inflammatory conditions are also suspected to be linked to HTLV-1 infection. However, the vast majority of infected people remain asymptomatic. The occurrence of HTLV-1-associated diseases may depend on several factors including route of infection, genetic susceptibility, immune response to the virus, proviral load, viral reactivation by environmental factors, and accumulation of lesions with time. The pathogenesis of this infection is not well understood, and several attempts have been made to obtain an animal model. Rabbits have been infected, and in some cases, they developed an acute ATL-like disease (30) (31) (32) . The infection of rats has been described previously (13, 34) , but long-term viral persistence has not been clearly documented (11) , and the myelopathy developed by WKHA rats (13) is controversial and strictly restricted to this strain (14, 21) . Several species of monkeys are susceptible to HTLV-1 infection (15, 16, 23, 36) , but no pathology has been observed in these animals.
A mouse model of HTLV-1 infection would be of great value for at least two reasons. Using inbred strains would make immunological and genetic studies possible. Large numbers of animals could be infected in order to observe the occasional occurrence of disease in a small proportion of them. Several attempts at infecting mice with HTLV-1 have already been published. Severe combined immunodeficiency (SCID) mice have been grafted with human ATL cells (9, 18) which proliferated in vivo (12) . Newborn C3H/HeJ mice have been injected intraperitoneally with the HTLV-1-producing MT2 cell line. Proviral DNA integrated into the mouse genome was detected by PCR (8) . However, no viral expression or antibody production could be detected. The tropism of HTLV-1 for murine cells is a controversial issue. The HTLV-1 receptor appears to be ubiquitously expressed. However, mouse cells seem to be less susceptible to fusion by the HTLV-1 envelope than human cells (5, 20, 22, 33) .
In order to develop a new mouse model of HTLV-1 infection, we constructed a chimeric HTLV-1 virus with the envelope glycoprotein of Moloney murine leukemia virus (MoMuLV). We expected the chimeric virus to infect murine cells, since Mo-MuLV infects only mouse and rat cells because of its ecotropic envelope glycoprotein. In vivo, Mo-MuLV infects CD4 ϩ T lymphocytes as well as other cell types. Because CD4 ϩ T lymphocytes are the main target cells of HTLV-1 in humans, we hoped that such a chimeric virus, with the ecotropic envelope of Mo-MuLV and the replicative characteristics of HTLV-1 genome, could mimic in the mouse some of the aspects of HTLV-1 infection in humans. Construction of chimeric proviruses. The chimeric HTLV-1 provirus was constructed by replacing the env gene of an infectious HTLV-1 cloned provirus (6) with the Mo-MuLV env gene. Figure 1 presents the structure of the parental and chimeric env genes used in this work. The pCS-HTLV-I plasmid (a gift of D. Derse, National Cancer Institute, Frederick, Md.), containing a full-length infectious HTLV-1, and the pFBMO-SALF plasmid (a gift from O. Schwartz, Institut Pasteur, Paris, France), containing a complete Mo-MuLV env sequence, were modified by site-directed mutagenesis. Using newly introduced EcoRI and BclI restriction sites, the sequence coding for the HTLV-1 Env signal peptide (positions 1 to 20) (Fig. 1A) was recombined with the Mo-MuLV sequence corresponding to gp70 and p15E (positions 35 to 675) (Fig. 1B) to give plasmid pCS-HTLV-chim (Fig. 1C) . The HTLV-1 Env signal peptide was kept in the construct, because it contains the initiator codon for the tax gene and the splice donor site for the tax, rex, tof, and rof genes. As a result, the cell surface expression of Mo-MuLV Env is controlled by the HTLV-1 signal peptide. The resulting chimeric plasmid was mutagenized back in order to recover the initial sequence, and the junctions were sequenced.
The fusogenic activity of MuLV virions has been linked to the cleavage of the C-terminal R peptide of Env by the viral protease (27, 28) . Since it is unlikely that the HTLV-1 protease will perform this cleavage, we also constructed a chimeric plasmid in which the R peptide was deleted (pCS-HTLV-chim.⌬R [ Fig. 1D]) . The deletion was achieved by PCR-mediated mutagenesis. Two fragments flanking the R-peptide sequence were amplified using primers that contained new restriction sites and an overlapping sequence. They were annealed together to obtain a MuLV env fragment (1,557 nucleotides) with the 48 nucleotides of the R peptide deleted. After cloning and sequencing, this ⌬R fragment was introduced into the pCS-HTLV-chim plasmid to give the pCS-HTLV-chim.⌬R plasmid.
Expression of the chimeric proviruses after transfection. To examine the synthesis and processing of virion proteins by the chimeric proviruses, human 293T cells were transfected with chimeric and original proviral DNA together with a small amount of a plasmid expressing Tax (pCMV-env⌬PvuII) (4, 6) . Control transfections performed without this plasmid yielded no viral expression. The production of viral proteins was examined by Western blotting of cell lysates and of culture medium (Fig. 2) . Large amounts of HTLV-1 Gag polyprotein p55, Gag-processing intermediate p36, and fully processed capsid p24 and matrix p19 proteins were detected in cell extracts (Fig.  2C) . The p40 Tax protein was found in large amounts because of the presence of the pCMV-env⌬PvuII plasmid. The capsid p24 and matrix p19 proteins were also detected in the culture medium. The lysates of cells transfected with the pCS-HTLVchim and pCS-HTLV-chim.⌬R plasmids contained the gp85 Mo-MuLV Env glycoprotein precursor, but not the HTLV-1 Env glycoprotein (Fig. 2A) . The culture medium of cells trans- fected with the parental HTLV-1 plasmid or the chimeric plasmid contained gp46 HTLV-1 Env protein or processed gp70 Mo-MuLV Env glycoprotein, respectively ( Fig. 2A and B) . Thus, the structural precursor proteins of the chimeric viruses were efficiently produced and correctly matured after transfection. Supernatants of 293T cells transfected with pCS-HTLVchim contained mostly the unprocessed MuLV p15E protein, indicating that the HTLV-1 protease was unable to cleave the MuLV R peptide (Fig. 2D ). In contrast, supernatants and lysates of 293T cells transfected with pCS-HTLV-chim.⌬R contained only the p12E protein. As expected, lysates of NIH 3T3 cells infected with Mo-MuLV contained more p15E than p12E, while the ratio was reversed in supernatants (28) .
Transfected cells were examined by immunofluorescence microscopy for the presence of Mo-MuLV Env glycoprotein (not shown). The MuLV envelope glycoprotein was expressed at the surfaces of cells transfected with the chimeric plasmids, indicating that the HTLV-1 signal peptide is functional for the Mo-MuLV Env protein. Because the receptor for Mo-MuLV Env glycoprotein is not present on human cells, the chimeric viruses did not fuse to 293T cells, whereas the original HTLV-1 did.
Production of chimeric viral particles. To assess the relative efficiency with which viral proteins were released after transfection with chimeric and HTLV-1 proviral DNA, clarified supernatants of 293T transfected cells were analyzed for the presence of p19 protein (detected with an HTLV-I Antigen ELISA kit [ZeptoMetrix, Buffalo, N.Y.]). Cells transfected with chimeric proviruses released reproducibly three to five times more p19 protein in the medium than cells transfected with the original HTLV-1 DNA. The same increase was observed in viral pellets after ultracentrifugation of culture medium. This result indicates that chimeric proviruses were more efficient at releasing particles in the medium.
To determine whether chimeric particles were released, clarified supernatants of 293T cells transfected with the proviral plasmids were loaded on 15 to 60% sucrose gradients and the fractions of the gradients were analyzed by Western blotting for the presence of viral proteins (Fig. 3) . The Gag proteins sedimented at a density of 1.16 g/ml, characteristic of retroviral particles. The incorporation of Env glycoproteins in the particles was also analyzed. With supernatants of cells transfected with chimeric plasmids, the Mo-MuLV Env protein sedimented both at the top of the gradient and together with the HTLV-1 Gag proteins, indicating that it was associated with the chimeric particles. In contrast, with supernatants of pCS-HTLV-I-transfected cells, the HTLV-1 Env protein was present only at the top of the gradient, indicating that it was loosely bound to the viral particles. This difference may be due to the fact that the surface and transmembrane subunits of the HTLV-1 envelope glycoprotein are noncovalently linked (26) , while MuLV glycoproteins are linked by a disulfide bond (25) .
Transmission electron microscopy of 293T cells transfected with chimeric proviruses showed the presence of particles in 5% of the cells (Fig. 4) . The vast majority of chimeric particles were spherical, homogeneous in size and shape, and had a diameter of approximately 100 nm (Fig. 4A, C , E, and F). Particles were often trapped inside membrane folds (Fig. 4E) . Glycoprotein spikes could be observed at the surfaces of chimeric virions (Fig. 4C) . On occasion, a chimeric particle was observed in a late budding stage (Fig. 4F) . In contrast, HTLV-1 particles produced by MT2 cells (Fig. 4B) or by 293T cells transfected with pCS-HTLV-I (Fig. 4D) were heterogeneous in size and shape, and budding particles were never observed. This observation indicates that chimeric particles bud more efficiently than HTLV-1, which is consistent with the presence of more p19 protein in the medium of cells transfected with chimeric provirus than in the medium of cells transfected with the original HTLV-1 provirus. Taken together, these results indicate that chimeric virions are produced in larger amounts than HTLV-1 is.
Cell tropism of chimeric viruses. The tropism of chimeric viral particles was examined with binding assays on primate and murine cells. To test the fusogenic properties of cells transfected with chimeric or HTLV-1 proviral DNA, a cell-to-cell fusion assay was developed. Indicator cells were obtained by transduction of 293T, 293T4, and NIH 3T3 cells with a lentiviral vector (38) expressing the green fluorescent protein under the control of the HTLV-1 long terminal repeat (LTR). These indicator cells were cocultivated for 24 h with 293T cells transfected with either the chimeric or parental HTLV-1 proviral plasmid, and green fluorescent protein expression was monitored (not shown). Transfection with the chimeric plasmids induced fusion only with murine cells or with human cells expressing the ecotropic MuLV receptor, thus confirming that the chimeric virus acquired the cell tropism of Mo-MuLV. The ⌬R Env glycoprotein was more fusogenic than the full-length Env protein was. The HTLV-1 Env glycoprotein expressed after transfection with pCS-HTLV-I fused human cells and murine cells, while HTLV-1 particles bound only human cells. The fusion of murine cells by HTLV-1 Env has already been described (24) . However, the role of cell-to-cell fusion in the propagation of HTLV-1 infection in vivo is not clear.
Infection of murine cells by chimeric viruses.
The ability of chimeric viruses to infect and replicate in murine cells was examined. To perform cell-free infections, chimeric and HTLV-1 viruses were prepared as follows: 293T cells were transfected with the appropriate plasmid, washed extensively 5 h later, and allowed to grow for 36 additional hours. Supernatants were clarified, filtered through 0.45-m-pore-size filters (Sartorius), treated with RNase-free DNase (225 U; Amersham Pharmacia Biotech) for 30 min at 37°C to eliminate any residual plasmid DNA, and supplemented with 10 g of DEAE-dextran per ml. Cell-free infections were performed by incubating 0.5 ml of supernatant for 2 h at 37°C with 5 ϫ 10 5 target cells. Because the p19 protein was three to five times more concentrated in supernatants from cells transfected with chimeric plasmids than in supernatants from cells transfected with HTLV-1, all virus preparations were diluted to a concentration of 60 to 80 ng of p19 per ml in order to infect target cells with the same amount of particles. Fresh medium was added, and the cells were grown for 4 days. The target cells used were NIH 3T3, EL4 (a murine CD4 T-cell lymphoma obtained from the American Type Culture Collection), 293T, 293T4, HOS (a human osteosarcoma-derived fibroblast cell line permissive for HTLV-1 [19, 35] ), and B5 (a cell line derived from the DBS-FRhL rhesus monkey lung fibroblast line that is permissive for HTLV-1 [6] ).
Infectivity was defined as the ability of cell-free virions to promote the synthesis of new provirus, detected by PCR amplification of part of the gag gene (positions 1616 to 1821 in Seiki ATK1 sequence), after 4 days of incubation. For a control, the plasmid DNA was also looked for by PCR. All controls were negative. Figure 5A shows that cell-free chimeric HTLV/Mo-MuLV viruses were infectious for murine cells, whereas cell-free HTLV-1 was not. The chimeric viruses, in particular that produced by the pCS-HTLV-chim.⌬R plasmid, were also infectious for 293T4 human cells expressing the Mo-MuLV receptor. No infectivity was detected with HTLV-1 particles on 293T cells. Only a faint band was detected with this virus on B5 cells and sometimes on HOS cells (not shown).
The number of copies of proviral DNA in infected cells was estimated by a semiquantitative PCR assay as follows (Fig. 5B) . Decreasing amounts of HTLV-1 DNA were added to a constant amount of 293T cell genomic DNA (1 g, which is equivalent to 10 5 cell genomes), prior to PCR amplification of HTLV-1 gag sequence. One copy of proviral DNA per cell corresponded to 3 pg of pCS-HTLV-I plasmid diluted in 1 g of genomic DNA (Fig. 5B, top blot) . Serial dilutions of genomic DNA from MT2 cells in a constant amount of 293T cell DNA were also amplified (Fig. 5B, bottom blot) . Because MT2 cells contain six copies of HTLV-1 gag DNA (17), one proviral copy per cell corresponded to 167 ng of MT2 cell DNA in 1 g of DNA from 293T cells. With this assay, we determined that the infection of murine NIH 3T3 and EL4 cells by chimeric particles yielded 100 copies of provirus per 10 5 cells. The ⌬R chimeric virus was 10 times more infectious (1,000 copies of proviral DNA per 10 5 cells). Human 293T4 cells expressing the MuLV receptor could also be infected by the ⌬R chimeric virus, but at a lower level (100 proviral DNA copies per 10 5 cells). Under the same conditions, HTLV-1 particles were not infectious for murine cells (NIH 3T3 and EL4) or 293T and 293T4 human cells, but they were infectious for B5 cells (10 proviral DNA copies per 10 5 cells) and for CEM human CD4 ϩ T cells (100 copies of proviral DNA per 10 5 cells [not shown]). Thus, the chimeric viruses were able to accomplish successfully the early steps of infection, namely, cell entry, reverse transcription, and provirus integration. As determined by a semiquantitative test, the ⌬R chimeric particles were 10 to 1,000 times more infectious for murine cells than HTLV-1 particles were for human cells, depending on the cells tested.
Secondary infection in murine primary lymphoid cells. The ability of ⌬R chimeric virus to infect mouse primary lymphoid cells was analyzed. Primary splenocytes from BALB/c, C3H, or 129sv mice were activated for 2 days with concanavalin A and interleukin-2. In the case of 129sv mice, CD4 ϩ cells were selected from the activated splenocytes with magnetic beads (MACS; Miltenyi Biotech). Total splenocytes from BALB/c and C3H mice and CD4 ϩ lymphocytes from 129sv mice were infected with cell-free ⌬R chimeric particles as described above. Infectivity was detected by PCR amplification of part of the gag gene after 4 days of incubation. Figure 5C shows that VOL. 76, 2002 NOTES 7887 primary murine lymphoid cells were efficiently infected. The proviral copy number was higher with CD4 ϩ cells (129sv and EL4) than with total splenocytes, suggesting more efficient infection of CD4 ϩ cells. The presence of the doubly spliced Tax mRNA was detected by RT-PCR assay in infected cells (Fig. 5C) , showing that the chimeric provirus was expressed in infected lymphoid cells. This expression persisted during several weeks of culture (not shown).
In order to determine whether cells that had been previously infected with viral particles released new infectious virions, the ability of ⌬R chimeric virus to spread the infection to fresh cells was investigated. Primary splenocytes from male 129sv mice were activated by treatment with concanavalin A and interleukin-2 for 2 days. CD4 ϩ cells were selected from the activated splenocytes using magnetic beads (MACS; Miltenyi Biotech) and infected with cell-free ⌬R chimeric particles. Thirty-six hours later, the infected CD4 ϩ T cells were washed extensively and placed in the inferior chamber of a transwell (3-m pore size). Fresh EL4 cells (from a female C57BL/6 mouse) or primary CD4 ϩ T lymphocytes (from a female 129sv mouse) were seeded in the upper chamber as target cells. Four days after initiation of the transwell coculture, target cells were removed from the upper chamber, and the presence of newly synthesized provirus was looked for as described above. The Zfy gene (present on mouse Y chromosome) was looked for as a control to detect any contamination by primary infected cells. Figure 5D shows that EL4 cells or primary CD4
ϩ T lymphocytes from the upper chamber of the transwell were infected by ⌬R chimeric virus. The reverse experiment was also performed: infected EL4 cells were seeded in the lower chamber of the transwell, and naive primary CD4 ϩ lymphocytes from male 129sv mice (cells previously activated) or naive EL4 cells were added to the upper chamber. The secondary infection was also observed in this case (Fig. 5D) . Thus, the ⌬R chimeric virus was infectious in secondary infection of murine lymphoid cells.
In conclusion, the ⌬R Mo-MuLV/HTLV-1 chimeric virus described in this work was infectious for murine cells which were able to spread the infection to primary murine lymphocytes. In vivo experiments showed that chimeric proviral DNA could be found in the splenocytes of mice weeks after inoculation with the ⌬R chimeric virus (unpublished results), indicating that in vivo infection occurs in mice. Therefore, this ⌬R chimeric virus should provide a new animal model of infection by HTLV-1.
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